We present fundamental experiments on the heat flow in carbon fibre reinforced plastic (CFRP) during laser percussion drilling with a picosecond laser system. With high-speed imaging, the growing of the matrix evaporation zone (MEZ) during laser processing can be observed with a high temporal and spatial resolution. By varying the pulse energy and the repetition rate of the laser beam, the influence of these parameters on the extension of the heat affected zone can be investigated. Based on these methods, the question, whether high pulse energy or a high repetition rate is more suitable for laser processing of CFRP, has been examined.
Motivation
Carbon fibre reinforced plastics (CFRP) have a great potential in lightweight applications. By a loadcapable design of components, a lot of weight can be saved by replacing steel or aluminum with CFRP for example in automotive applications. The laser as a well automatable, noncontact tool without wear has a great potential in processing CFRP. However, the very inhomogeneous properties of CFRP make this a challenging task. The main issue is the large matrix damage caused by the heat load of the material [1, 2] . The heat flow along the carbon fibres plays an important role in this context and can be observed with high-speed imaging [3] .
Observation of the percussion drilling process
Carbon fibres and matrix material have significantly different thermo-physical properties [4] [5] . Since the heat conductivity along the axis of the carbon fibres is two orders of magnitude higher than for the matrix material, heat will flow mainly along the carbon fibres. When the evaporation temperature of the surrounding matrix material is reached, the matrix material will evaporate. Because of the highly different evaporation temperatures for carbon fibres and matrix material, an area of stripped carbon fibres will appear. This area, where the matrix material has been evaporated leaving the blank carbon fibres, is defined as the matrix evaporation zone (MEZ).
Investigations on the influence of different laser parameters on the extent of the MEZ become possible with high-speed imaging. In order to avoid the influence of additional process parameters like the spatial pulse-to-pulse overlap, a percussion drilling process was used for the investigations presented in the following.
The experiments were performed using a pulsed laser system with a wavelength of 515 nm, a pulse duration of 8 ps and M² < 1.3. With this laser system it is possible to change the repetition rate without influencing other laser parameters such as the pulse energy. The average power has been measured directly at the work piece. The focal spot diameter was 33 μm. The material was CFRP with 60% of the volume consisting of carbon fibres arranged as a multilayer lattice. The matrix material was the thermoset material RTM6. The high-speed imaging system recorded the process with 3000 fps and a resolution of 1064x624 pixels. The scene was illuminated using an 808nm diode laser and a corresponding transmission filter in front of the high-speed imaging system.
A sequence of single frames out of a high-speed film of the percussion drilling process is shown in Fig. 1 . The average power was 22.2 W with a pulse repetition rate of 800 kHz which leads to a pulse energy of about 28μJ. Each frame shows a magnified section of the CFRP work piece surface. The laser beam, coming from the upper side of the image, hits the work piece in the center of the matrix evaporation zone. The MEZ can be identified as the area, where the stripped carbon fibres are visible allowing to observe the temporal evolution of the MEZ. The MEZ is surrounded by partly molten matrix material which is believed to be due to some amount of thermoplastic materials in the otherwise mainly thermoset matrix. The carbon fibres of the CFRP work piece get heated when laser processing starts. The heat flows mainly along the carbon fibres. When evaporation temperature of the matrix material is reached, the matrix material evaporates leaving blank carbon fibres because their evaporation temperature is much higher. Since the layer of the matrix material on top of the carbon fibres is usually very thin, it is removed very quickly when the evaporation temperature is reached. This gives a good means to observe the heat flow occurring along the fibers. The influence of the polyester yarns, which originally kept the carbon fibres together, can be observed at the frames for 50 ms and 100 ms. This complicates the observation of the heat flow. In the area of the polyester yarn, the matrix material layer on top of the carbon fibres is thicker. Therefore it takes longer to evaporate the matrix material and much more melting can be observed. If possible, only matrix evaporation zones without an influence of a polyester yarn have been investigated in the following studies. 
Variation of pulse repetition rate and pulse energy
By analyzing the high-speed videos, the extent of the MEZ can be measured as a function of the elapsed time after starting of the percussion drilling process. The MEZ has been measured on both sides of the bore hole for different sets of laser parameters. In the following studies either the pulse energy or the repetition rate was varied in order to investigate their influence on the extent of the MEZ. In Fig. 2 the surface of the CFRP work piece is shown 100 ms after the percussion drilling process started for different laser parameters. On the left side, the repetition rate was kept constant and only the pulse energy was lowered resulting in a reduced average power. On the right side of the figure, the pulse energy was kept constant and only the repetition rate was lowered. This allows investigating the influence of heat accumulation.
A vast extent of the matrix evaporation zone can be seen at full average power (top images). The extent of the MEZ is reduced by lowering the average power. However there is a significant difference depending on whether the reduction of the average power is achieved by lowering the pulse energy or by reducing the repetition rate. At the same average power the MEZ is significantly smaller for the reduced repetition rate as compared to result for reduced pulse energies.
For each set of laser parameters the extent of the MEZ was measured on both sides of the bore hole in the direction of the fiber orientation as a function of the elapsed time after starting of the percussion drilling process. The temporal evolution of the extent of the MEZ along the carbon fibres can be seen in Fig. 3(a) and (b). It is seen, that the growth rate of the MEZ is high at the beginning of the process and saturates for longer interaction times. The point in time, when saturation is reached, depends on the laser parameters. For 40 kHz repetition rate and 28 μJ of pulse energy the saturation is already reached after 6 ms whereas for full average power saturation is not reached within the shown 150 ms. Irregularities in the development of the MEZ can be explained by the inhomogeneity of the material. Since CFRP is a compound, properties like the thickness of the top matrix layer may vary. This influences the growth of the MEZ. Fig. 4 shows the extent of the MEZ at a fixed point in time versus the average laser power. The extent was measured 100 ms after starting the percussion drilling process for different sets of laser parameters. The average power was changed either by varying the pulse energy at a constant repetition rate of 800 kHz or by changing the repetition rate with a constant pulse energy of 28 μJ. It can be seen that in any case a lower average power leads to a reduction of the MEZ independent on whether the average power was lowered by changing the pulse energy or the repetition rate. However a comparison of the resulting plots clearly shows that after the same processing time with the same average power the extent of the matrix evaporation zone is significantly smaller for low repetition rate and high pulse energy then for high repetition rate and low pulse energy. At an average power of 5.5 W for instance, the pulse energy of 7 μJ at the full repetition rate of 800 kHz leads to an MEZ with an extent of 1540μm. Using the full pulse energy of 28 μJ and a reduced repetition rate of 200 kHz instead, the extent of the MEZ is reduced by about 60% to 640 μm. 
Extent of the matrix evaporation zone at a fixed point in time

Extent of the matrix evaporation zone at same amount of total incident energy
In the previous analysis, the extent of the MEZ was measured at a fixed point in time for different average powers, hence the amount of incident energy was not constant. In the following, the extent of the MEZ is investigated for the same amount of total incident energy. The MEZ was investigated for 0.11 J, 0.17 J, 0.22 J, 0.33 J and 0.44 J total incident energy. Again, different pulse energies with the same repetition rate of 800 kHz or different repetition rates with the same pulse energy of 28 μJ were used. Fig. 5 (a) shows the extent of the MEZ as a function of the pulse energy for different amounts of total incident energy. To get the same amount of total incident energy for different pulse energies, the interaction time varies depending on the pulse energy. All graphs show a similar behavior. For very low pulse energies the extent of the MEZ is very small. But already with slightly increased pulse energy, the extent of the MEZ quickly reaches a maximum. In this case, the maximum extent of the MEZ was reached with a pulse energy of about 7 μJ. With a further increasing pulse energy, the extent of the MEZ decreases again by up to 35% for a pulse energy of 28 μJ. Accordingly in order to achieve a small extent of the MEZ, either very small pulse energies can be used with long processing times or high pulse energies with a very short interaction time. Fig. 5 . Extent of the MEZ for different amounts of total incident energy. In (a) the extent of the MEZ was measured as a function of the pulse energy with a constant repetition rate of 800 kHz. In (b) the extent of the MEZ was measured as a function of the repetition rate with a constant pulse energy of 28 μJ Fig. 5 (b) shows the extent of the MEZ as a function of the repetition rate for different amounts of total incident energies. To obtain the same amount of incident energy, the interaction time varies depending on the repetition rate. It is shown that the extent of the MEZ can be decreased significantly by lowering of the repetition rate. Comparing the extent of the MEZ for repetition rates of 800 kHz and 80 kHz, it is found that the extent of the MEZ reduced by up to 67% with the lower repetition rate. Hence to get a small extent of the MEZ a low repetition rate is favorable.
Extent of the MEZ parallel and perpendicular to the carbon fibres
So far only the extent of the evaporated matrix material along the direction of the carbon fibres has been investigated. As shown in Fig. 6 (a) we have also investigated the extent of the MEZ perpendicular to the carbon fibres. The ratio a/b of the extents of the MEZ parallel and perpendicular to the fibers is shown in Fig. 6 (b) with a logarithmical time scale for a percussion drilling process with a pulse energy of 22.4 μJ and a repetition rate of 800 kHz. At the beginning of the process the ratio is about 3.3. It stays constant for about 150 ms. Subsequently the ratio begins to decrease. After 150 ms the growth of the MEZ in direction of the carbon fibres reaches saturation but continues to grow perpendicular to the carbon fibres. Consequently the ratio begins to drop. At time scales that are relevant for material processing, the ratio between the extents of the MEZ parallel and perpendicular to the carbon fibres can be considered to be constant. 
Conclusion and Outlook
The extent of the matrix evaporation zone was observed by means of high-speed imaging. After a given processing time, the MEZ is smaller for lower average laser powers regardless on whether the power was reduced by decreasing the pulse energy or the repetition rate. However, when using the same average power, the MEZ can be reduced significantly by using high pulse energies and low repetition rates instead of low pulse energies and high repetition rates.
To remove a certain amount of material, a certain amount of energy is needed. For a fixed amount of total incident energy it is favorable to use either very low pulse energies and long processing times or high pulse energies with short interaction times in order to get a small extent of the MEZ. The formation of a maximum of the damage at low pulse energies can be observed. Furthermore it has also been shown for a constant amount of incident energy, that a low repetition rate is favorable in order to get a small MEZ. Heat accumulation seems to be a major factor when laser processing CFRP with pulsed laser systems.
Investigations on the extent of the MEZ perpendicular to the carbon fibres have shown that the extents of the MEZ parallel and perpendicular form a constant ratio until saturation effects occur.
Further investigations have to be made in order to understand why a low repetition rate with high pulse energies is favorable to a high repetition rate with low pulse energy. Heat accumulation seems to be a major influencing factor. 
